CD44 on macrophages is recognized as a phagocytic receptor involved in the phagocytosis of apoptotic cells. Recently, we detected CD44 on macrophages in atretic follicles during atresia. In this study, we evaluated the distribution of the principal CD44 ligand hyaluronan (HA) and the expressions of HA synthases (HAS: HAS1, HAS2, and HAS3) during atresia in pig ovaries. We determined the 2139-bp sequence of Sus scrofa HAS1 and raised an anti-HAS1 polyclonal antibody. The S. scrofa HAS1 sequence contained six putative HA-binding motifs and conserved amino acid residues crucial for GlcNac transferase activity. HAS1 mRNA expression was upregulated during atresia; however, HAS2 and HAS3 mRNA expression levels were low and very low to undetectable, respectively. Western blotting showed that HAS1 was markedly upregulated during atresia. Immunohistochemical analyses revealed HAS1 distribution in theca cells of healthy and early atretic (stages I and II) follicles and in progressing atretic (stage III) follicles. Hyaluronan was visualized with the HA-binding protein; it accumulated in the theca layer during all stages and in stage III follicles. Hyaluronan assay showed a significantly increased HA concentration in follicular fluid at stage III. Flow cytometry showed HAS1 expression in 55.7% % of SIRPA-positive macrophages in stage III follicles. Our results suggest that the HA concentration in follicular fluids increased during atresia and that HAS1 may be the dominant HAS protein in theca cells to produce HA in pig ovaries.
INTRODUCTION
In mammals, only a few selected follicles (,1%) complete growth and development for ovulation, whereas most (.99%) undergo a degenerative process known as atresia at some stage in their development [1, 2] . In reproductive physiology, follicular atresia is a key phenomenon by which the ovary eliminates follicles that will not ovulate; this phenomenon is apparently initiated by apoptotic death of granulosa cells, followed by degeneration of the oocyte at the last stages of atresia [3, 4] . Although investigations have been conducted on the process of granulosa cell elimination in atretic follicles, key factors responsible for the phagocytic uptake of apoptotic debris remain controversial.
We previously reported that CD44 is expressed on macrophages in atretic follicles during porcine follicular atresia [5] . It has been recently reported that CD44 on murine macrophages is a competent phagocytic receptor that efficiently mediates the uptake of apoptotic cells [6, 7] , as well as that the in vitro ligation of macrophage surface CD44 by bivalent monoclonal antibodies rapidly and profoundly augments the capacity of macrophages to phagocytose apoptotic neutrophils [8] . In addition, CD44 has a critical role in resolving lung inflammation in mice [9] . The principal CD44 ligand hyaluronan (HA), formerly known as hyaluronic acid, stimulates CD44-mediated phagocytosis in murine macrophages in the presence of complement receptor 3 (CR3) (official symbol, ITGAM), a member of the b2 integrin family of adhesion receptors [6, 7] . However, whether CD44 on macrophages is influenced by HA to induce macrophage phagocytosis during atresia has not been elucidated, to our knowledge.
Hyaluronan is a linear high-molecular-weight glycosaminoglycan composed of disaccharide repeats ( 10 000) of glucuronic acid and N-acetyl glucosamine linked by b1-3 and b1-4 glycosidic bonds [10] [11] [12] [13] . This large polysaccharide forms unique entangled molecular networks that provide remarkable viscosity and elasticity to solutions [14] . Hyaluronan is a major component of extracellular matrix and is present in virtually every tissue in vertebrates [10] [11] [12] [13] [14] [15] [16] . Although originally considered an inert structural molecule, HA is now recognized as a functional ligand involved in the control of dynamic biological functions such as cell migration, proliferation, and differentiation through interactions with specific binding proteins, referred to as hyaladherins [11, [17] [18] [19] [20] . Hyaluronan also has an important role in wound healing and inflammation, and altered HA production has been associated with the pathogenesis of various diseases such as rheumatoid arthritis, renal injury, atherosclerosis, and several human cancers [21] [22] [23] [24] [25] [26] [27] .
HA is synthesized at the inner face of the plasma membrane and is extruded through the cell membrane as it is produced [10] . Hyaluronan synthase (HAS) is a membrane-bound enzyme responsible for the polymerization of HA. Thus far, 3 distinct forms of HAS (HAS1, HAS2, and HAS3) have been isolated and characterized in mammalian cells [10, 11, 28] .
Although each form of HAS protein can catalyze HA biosynthesis, the produced HA lengths differ among HAS proteins. Analysis of the size of the HA product generated in vitro by each HAS protein indicated that the HA chains of different lengths have distinct effects on cell behavior [28, 29] . The specific enzymatic properties may underlie their physiologically distinct functions, and their expression is known to be regulated in a tissue-and agonist-specific manner [28] [29] [30] [31] [32] [33] [34] .
Previously, we determined the complete sequences of Sus scrofa HAS2 and HAS3 (GenBank accession Nos. AB050389 and AB159675) and reported their involvement in cumulus expansion and oocyte maturation [35] [36] [37] [38] . However, the involvement of the S. scrofa HAS genes in follicular atresia is still unclear. In the present study, we determined the 2139-bp sequence of S. scrofa HAS1 and raised a polyclonal antibody against HAS1. We also evaluated the expressions of HAS (HAS1, HAS2, and HAS3) and the HA distribution in atretic follicles during atresia in pig ovaries. The level of HAS2 mRNA was low, while that of HAS3 mRNA was very low to undetectable in atretic follicles. HAS1 mRNA and protein were markedly upregulated in atretic follicles, and the HA concentration in follicular fluids increased during atresia.
MATERIALS AND METHODS

Molecular Cloning of 2139-bp S. scrofa HAS1 cDNA
Sows mainly belonging to the Large White breed, weighing 90À100 kg, were used for molecular cloning of S. scrofa HAS1 cDNA (Supplemental Figs.1  and 2 ; all supplemental data are available online at www.biolreprod.org) and RT-PCR (Fig. 1A ). Western blot analysis was then conducted (Fig. 1B) . The present study was approved by the Ethics Committee for Care and Use of Laboratory Animals for Biomedical Research of the Graduate School of Agricultural Science, Tohoku University. Porcine tissues (from the ovary, oviduct, uterus, brain, heart, lung, spleen, liver, kidney, and muscle) were frozen in liquid nitrogen immediately in the prosectorium of Tohoku University and stored at À808C until used. Total RNA from tissues was isolated with ISOGEN (Nippon Gene, Tokyo, Japan), and poly (A)-positive RNA was purified using Oligotex-dT30/Super (Takara Bio Inc., Otsu, Japan) [39] . We acquired a 329-bp partial sequence using Taq DNA polymerase (Takara Bio Inc.) and the following consensus primers obtained from mouse genes to initiate molecular cloning: forward 5 0 -GCT TGT CAG AGC TAC TTC CAC-3 0 and reverse 5 0 -TAG GTC ATC CAT GCG TGG TG-3 0 . Molecular cloning was performed using the GeneRacer kit (Invitrogen, Carlsbad, CA) and Ex Taq DNA polymerase (Takara Bio Inc.), and the following primers were constructed from a 329-bp partial sequence: forward 5 0 -TGC TCA GCA TGG GCT ATG CCA CCA A-3 0 and reverse 5 0 -AGC AGC GGG ACC GCG AGG TGT ACT T-3 0 . Nested PCR was performed using the following nested primers that were designed from a 329-bp partial sequence: forward 5 0 -ACC GGC ACC ACG CAT GGA TGA CCT A-3 0 and reverse 5 0 -GGG GAC CAC TGA TGC AGG ACA CAC A-3 0 . The nested PCR products were cloned using a pGEM-T vector system (Promega, Madison, WI). DNA sequencing (10 clones per tissue for a total of 100 clones) was performed using a fluorescent dye terminator and the ABI PRISM 310 Genetic Analyzer (PE Applied Biosystems, Foster City, CA).
Polyclonal Antibody Against S. scrofa HAS1 and Peptide Synthesis
To raise a polyclonal antibody against S. scrofa HAS1, we selected the peptide EARADWSGPSRAAE, which corresponds to amino acid residues 528-541 conserved in the human, mouse, and pig [40, 41] . This peptide was synthesized using the Fmoc (fluoren-9-ylmethoxycarbonyl) strategy, which resulted in a C-terminal-amidated domain to facilitate subsequent coupling to 
Separation of Inner Follicular Cells and Theca Cells from Porcine Antral Follicles
Porcine ovaries from prepubertal gilts were transported to the laboratory from a slaughterhouse in a container maintained at 378C within 1 h. Individual antral follicles, 2-6 mm in diameter, were dissected from the ovaries and classified as morphologically healthy or atretic. Follicles (stages I-III) were classified as previously described [5] as follows: stage I (healthy round-shaped follicles with a clearly identifiable cumulus-oocyte complex), stage II (early atretic follicles containing granulosa cells partly detached from the basement membrane), or stage III (progressive atretic follicles containing granulosa cells suspended in the antrum). Each follicle was punctured in Ca 2þ -and Mg 2þ -free Dulbecco PBS (DPBS; Nissui Pharmaceutical Co., Tokyo, Japan), the inner follicular cells were collected, and the theca layer was recovered. These collected theca cells and inner follicular cells were analyzed using flow cytometry, RT-PCR (Fig. 2 ), Western blotting ( Fig. 3 ), HA assay (Fig. 4) , immunostaining (see Figure 6 ), and flow cytometry (see Figure 7) . The number of follicles and ovaries used in each experiment is given in Materials and Methods.
Localization of HA
Porcine ovaries from prepubertal gilts were snap frozen using Freez-It (À518C; ITW Chemtronics, Kennesaw, GA) at the slaughterhouse. Frozen sections (12-lm thick) were mounted on Matsunami adhesive silane (MAS)-coated glass slides (Matsunami Glass Ind., Ltd., Kishiwada, Japan) and fixed in cold acetone for 10 min before washing twice in DPBS for 10 min. For the blocking of nonspecific protein binding, the sections were incubated with nonimmune sera derived from cow. Biotinylated HA-binding protein (5 lg/ml; Seikagaku Biobusiness Co., Tokyo, Japan) was added overnight at room temperature. After several washes with DPBS, the sections were incubated with streptavidin conjugated with horseradish peroxidase (Zymed Laboratories, South San Francisco, CA) at a dilution of 1:300 for 30 min at room temperature. After several washes with DPBS, the slides were developed by incubation with 3,3 0 -diaminobenzidine tetrahydrochloride (DAB; Vector Laboratories, Burlingame, CA) until color development was noticed; the color reaction was stopped by washing the slides in distilled water. The sections were counterstained with methyl green and then mounted with 10% glycerol in distilled water.
Immunohistochemical Localization of HAS1, CD44, and Macrophages
Immunolocalization was performed as previously described [5] with slight modifications. Porcine ovaries from prepubertal gilts were snap frozen using Freez-It (À518C) at the slaughterhouse.
To examine the immunohistochemical localization of HAS1 (see Figure 5 ), frozen sections (12-lm thick) were mounted on MAS-coated glass slides and fixed in cold acetone for 10 min before washing twice in DPBS for 10 min. For the blocking of nonspecific protein binding, the sections were incubated with nonimmune sera derived from goat. For experiments on the localization of HAS1, rabbit anti-HAS1 polyclonal antibody (5 lg/ml) was added overnight at 48C. After several washes with DPBS, the sections were incubated with goat anti-rabbit IgG conjugated with biotin (Vector Laboratories) at a dilution of 1:200 for 30 min at room temperature. To examine the localization of macrophages and CD44, mouse anti-pig SIRPA (SWC3a, CD172a) monoclonal antibody (Research Diagnostics, Flanders, NJ), which is used as a swine macrophage marker, at a dilution of 1:50, and mouse anti-pig CD44 (PORC24A) monoclonal antibody (VMRD, Inc., Pullman, WA) at a dilution of 1:50 were added overnight at 48C. After several washes with DPBS, the sections were incubated with goat anti-mouse IgG conjugated with biotin (Zymed Laboratories) at a dilution of 1:1000 for 30 min. The sections were HAS1 AND HYALURONAN DURING ATRESIA washed several times with DPBS and then incubated with streptavidin conjugated with horseradish peroxidase (Zymed Laboratories) at a dilution of 1:300 for 30 min at room temperature. After several washes with DPBS, the slides were developed by incubation with DAB until color development was noticed; the color reaction was stopped by washing the slides in distilled water. The sections were counterstained with methyl green and mounted with 10% glycerol in distilled water.
For examining the colocalization of HAS1 and macrophages (SIRPA) in inner follicular cells at stages I-III (see Figure 6 ), which were collected from dissected porcine ovarian follicles, goat anti-rabbit IgG conjugated with Alexa Fluor 488 (Molecular Probes, Carlsbad, CA) at a dilution of 1:200 and streptavidin conjugated with Cy5 (Zymed Laboratories) at a dilution of 1:20 were used instead of biotin-conjugated goat anti-rabbit IgG and horseradish peroxidase-conjugated streptavidin, respectively. The nuclei were stained with propidium iodide (PI, 10 lg/ml; Sigma-Aldrich Inc., St. Louis, MO). The cells were mounted on MAS-coated glass slides with fluoromount-G (Southern Biotechnology Associated, Birmingham, AL). They were then viewed under a confocal scanning laser microscope (FLUOVIEW FV300; Olympus, Tokyo, Japan). Cy5 initially generates a red fluorescent signal (670 nm), which is blue in the images shown herein. This allows for the distinction between Cy5 and the red signal of PI (615 nm) [5] .
Flow Cytometry of HAS1 and Macrophages (SIRPA)
Flow cytometry was performed as previously described [42, 43] with slight modifications. The isolated inner follicular cells from approximately 120 stage III follicles that were dissected from 15 ovaries (40 follicles from five ovaries in three pools, for a total of 120 follicles) were washed three times with DPBS, and viable lymphocytes and monocytes, including macrophages (excluding dead cells), were separated from the buffy coat by using the Lympholyte-H (Cedarlane, Burlington, Ontario, Canada) gradient centrifuged at 600 3 g for 30 min at 188C. The cells were immunostained by indirect immunofluorescence. Subsequently, 0.5-1 3 10 6 cells were incubated with mouse anti-pig SIRPA (SWC3a, CD172a) monoclonal antibody (isotype IgG 2bj ; Research Diagnostics) at a dilution of 1:50 for 30 min at 48C. After washing three times with PBS (pH 7.4) containing 0.2% BSA, the cells were incubated with fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG 2b (Southern Biotechnology Associated) at a dilution of 1:25 for 30 min at 48C. To detect intracellular HAS1, the cells were permeabilized using the Cytofix/Cytoperm kit (BD Pharmingen, San Diego, CA). After permeabilization, the cells were incubated with 16.6 lg/ml of rabbit anti-HAS1 polyclonal antibody for 30 min at 48C. After washing the cells three times with PBS containing 0.2% BSA, they were incubated with Alexa Fluor 594-labeled chicken anti-rabbit IgG (Molecular Probes) at a dilution of 1:25 for 30 min at 48C. The cells were then washed three times with PBS containing 0.2% BSA and suspended in FACS Flow (Becton Dickinson, Mountain View, CA). The cells were assessed by two-color flow cytometry performed using a FACScalibur (Becton Dickinson). All flow cytometric data were analyzed using CellQuest software (Becton Dickinson). The cells were gated by forward and side scatter to exclude dead cells, and specific staining was identified by setting quadrants or markers on isotype controls. As a negative control, the cells were stained with secondary antibodies without primary antibodies, and the quadrants were set, as the negative cells
and atretic (stages II-V) follicles. The serial sections were stained for HA, HAS1, macrophages (SIR-PA), and CD44 and were visualized with DAB (brown). A negative control was obtained using normal rabbit IgG instead of rabbit anti-HAS1 antibody (Supplemental Fig. 3 ). b Indicates basement membrane; g, granulosa cells; o, oocytes; and t, theca cells. Bar ¼ 100 lm.
252
accounted for 97%-99% of all the cells in the negative fraction. More than 20 000 cells per sample were analyzed to obtain reliable data.
RT-PCR Analysis of HAS mRNAs
The RT-PCR was performed as previously described [5] with slight modifications. Total RNA from porcine tissues (ovary, oviduct, uterus, brain, heart, lung, spleen, liver, kidney, and muscle) and theca and inner follicular cells from approximately 30 antral follicles belonging to each stage (stages IÀIII) that were dissected from 15 ovaries (10 follicles from five ovaries in three pools, for a total of 30 follicles) were isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany). Total RNA was treated with DNase I (Qiagen) on a spin column at room temperature for 15 min and reverse transcribed into cDNA using Thermo-X Reverse Transcriptase (Invitrogen). RNAguard (GE Healthcare UK Ltd., Buckinghamshire, England) was used for protection against RNase. The PCR was performed using a GeneAmp PCR System 9700 (PE Applied Biosystems). Primer pairs specific to complete cDNA sequences of S. scrofa HAS1, HAS2, and HAS3 were used as follows: for HAS1 (250 bp), forward 5 0 -CTC GGC GAC TCG GTG GAC TAC-3 0 and reverse 5 0 -GGG GAC CAC TGA TGC AGG ACA-3 0 ; for HAS2 (427 bp), forward 5 0 -AGC AGC CCA TTG AAC CAG GGA CTT G-3 0 and reverse 5 0 -AGG GTC GGT GGC GGG CAG TTT CCA AAA C-3 0 ; and for HAS3 (525 bp), forward 5 0 -CCT ACT TTG GCT GTG TGA AA-3 0 and reverse 5 0 -AGG CTG GAC ATA TAG AGA AG-3 0 [35] . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as an intrinsic control by using the following primer pair: forward 5 0 -GAT GGT GAA GGT CGG AGT G-3 0 and reverse 5 0 -CCA AGT TGT CAT GGA TGA CC-3 0 [5] . The expected size of the PCR product was 500 bp. Each reaction mixture contained the following cDNA solution: for HAS1, 0.2 lM of each primer, 0.2 mM deoxyribonucleotide triphosphates (dNTPs), 30 mM NaCl, 60 mM Tris-HCl (pH 9.2), 2 mM MgSO 4 , and 0.8 U of AccuPrime GC-Rich DNA polymerase (Invitrogen); and for HAS2, HAS3, and GAPDH, 0.2 lM of the respective primer, 0.2 mM dNTPs, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , and 1 U of Taq DNA polymerase (Takara Bio, Inc.). The PCR profile for HAS1 was 34 cycles at 958C for 30 sec, 638C for 30 sec, and 728C for 30 sec, while the PCR profiles for HAS2, HAS3, and GAPDH were 34 cycles (HAS2 and HAS3) or 28 cycles (GAPDH) at 958C for 1 min, 558C for 1 min, and 728C for 1 min. The final cycle included a further 10-min amplification at 728C for complete strand extension. All RT-PCR experiments were performed at least three times for each individual RNA sample. The RT-PCR products were electrophoresed on a 2% agarose gel and visualized by ethidium bromide staining. For semiquantitative analysis of HAS1 and GAPDH, the bands were quantified by densitometry using NIH Image 1.63 (National Institutes of Health, Bethesda, MD).
Western Blot Analysis of HAS1
Protein extraction and Western blotting were performed as previously described [5] with slight modifications. The proteins from porcine tissues (ovary, oviduct, uterus, brain, heart, lung, spleen, liver, kidney, and muscle) and the theca and inner follicular cells obtained from approximately 30 antral follicles belonging to each stage (stages IÀIII) that were dissected from 15 ovaries were extracted with radioimmunoprecipitation assay buffer (50 mM Hepes, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1% Nonidet P40 (Wako Pure Chemical Industries, Ltd., Osaka, Japan) 0.1% SDS, 1% deoxycholate, and 1 mM dithiothreitol) [44] and were separated by 12% SDS-PAGE under reducing conditions. After electroblotting, the membranes were blocked with 3% BSA and 5% skim milk for 1 h at room temperature and washed several times with Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBS-T). The membranes were incubated with rabbit anti-HAS1 polyclonal antibody (1 lg/ ml) or mouse anti-a-tubulin monoclonal antibody (with a-tubulin as the loading control, dilution 1:2000; Sigma-Aldrich Inc.) overnight at 48C and then reacted with horseradish peroxidase-labeled anti-rabbit IgG (dilution 1:7500; Jackson Immunoresearch, West Grove, PA) or peroxidase-labeled anti-mouse IgG (dilution 1:80 000; Sigma-Aldrich Inc.). After several washes with TBS-T, the peroxidase activity was visualized using the ECL Plus Western blotting detection system (GE Healthcare UK Ltd.).
HA Assay of Porcine Follicular Fluids
The porcine follicular fluids (pFFs) were collected from approximately 30 antral follicles belonging to each stage (stages I-III) that were dissected from 15 ovaries. The Hyaluronan Assay kit (Seikagaku Biobusiness Co.) was used for quantitative determination of the HA concentration, according to the manufacturer's protocol. The pFFs were pretreated with 0.6% actinase E (Kaken Pharmaceutical Co., Tokyo, Japan) overnight at 558C to degenerate the proteins. The assay was performed on HA-precoated microplates. After washing the microplates with 300 ll of washing solution per well, 50 ll of HA standards (0-400 ng/ml) or the pFFs at approximately 20-times dilutions in reaction buffer and 50 ll of biotinylated HA-binding protein per well were added, and the plates were incubated for 1 h at 378C. Following washing, the plates were incubated with 100 ll of horseradish peroxidase-conjugated streptavidin solution per well for 1 h at 378C, followed by the addition 100 ll of peroxidase substrate (o-phenylenediamine) solution per well for 30 min at room temperature. Fifty microliters of stopping solution per well was then added, and dual absorbance at 490/630 nm was measured. The HA concentration in the pFFs was calculated by comparison with a standard curve generated from known concentrations of HA. 
HAS1 AND HYALURONAN DURING ATRESIA
Statistical Analysis
All experiments were repeated at least three times. The densitometric ratios of the expressions of HAS1 and GAPDH mRNAs, the densitometric ratios of the expressions of HAS1 and a-tubulin proteins, and the HA concentration of pFFs at stages I-III were analyzed using one-way factorial ANOVA, followed by Fisher protected least significant differences (PLSD) test. P , 0.05 was considered significant.
RESULTS
2139-bp cDNA Sequence of S. scrofa HAS1
We amplified 2139-bp S. scrofa HAS1 cDNA from porcine tissues by using 5 0 and 3 0 rapid amplification of cDNA ends (RACE) methods (Supplemental Fig. 1 (Table 1) . We were unable to determine the complete 5 0 noncoding region, and the methionine codon was identified as the translational start site for HAS1 sequences of other species (Supplemental Fig. 2 ). For the denuded amino acid sequence, the corresponding homologies reached 94.7%, 92.6%, and 92.6% with its corresponding human, mouse, and rat sequences, respectively ( Table 1 ). The S. scrofa HAS1 sequence contained six putative HA-binding motifs (B[X 7 ]B) and conserved amino acid residues crucial for the GlcNac transferase activity of N-acetyl glucosamine and glucuronic acid (Supplemental Fig. 2 ).
Tissue Distributions of S. scrofa HAS mRNAs and HAS1 Protein
To study the tissue distribution of the S. scrofa HAS genes, various tissues were obtained, and the expressions of S. scrofa HAS1, HAS2, and HAS3 mRNAs were examined by RT-PCR (Fig. 1A) . All S. scrofa HAS mRNAs were expressed, and the levels of HAS1 mRNA were low in the spleen and kidney and very low in the liver. In contrast, the levels of the control gene GAPDH mRNA remained constant in these tissues. HAS1 protein was studied by Western blotting (Fig. 1B) . Western blot analysis of HAS1 showed a band of 55 3 10 À3 M: the level of HAS1 protein was highest in the ovary; high in the oviduct and uterus; moderate in the heart; low in the lung, spleen, and muscle; very low in the liver and kidney; and undetectable in the brain.
Expressions of HAS mRNAs and HAS1 Protein in Theca Cells and Inner Follicular Cells, and HA Concentration in pFFs Collected from Dissected Porcine Antral Follicles
The degree of atresia was classified into stages II-V as previously described [5] . We examined the expressions of S. scrofa HAS1, HAS2, and HAS3 mRNAs in stages I-III follicles by RT-PCR (Fig. 2A) . HAS1 mRNA was detected in theca cells and inner follicular cells at stages I-III. Semiquantitative RT-PCR revealed that the expression level of HAS1 in inner follicular cells was significantly higher in stage III follicles than in stages I and II follicles (Fig. 2B) . Low levels of HAS2 mRNA were detected in inner follicular cells at stage III, and HAS3 mRNA was not detected at any stage ( Fig. 2A) . Western blot analysis of HAS1 showed a band of 55 3 10 À3 M in theca cells and in inner follicular cells at stages I-III, and the molecular weights of the detected bands were consistent with the results in tissues (Figs. 1B and 3A) . Similar to HAS1 mRNA expression, the expression level of HAS1 protein had increased in theca cells and inner follicular cells as atresia progressed (Fig. 3A) . Densitometric analysis of the expressions 254 of HAS1 and a-tubulin proteins revealed that the expression level of HAS1 protein in inner follicular cells was significantly higher in stage III follicles than in stages I and II follicles (Fig.  3B) . Next, using the HA assay, we examined the HA concentration in the pFFs collected from dissected follicles at stages I-III (Fig. 4) . The HA concentration in the pFFs was approximately four times significantly increased between stages I to II and stage III, accompanied with the expression levels of HAS1 mRNA and HAS1 protein.
Distributions of HA and HAS1 in Atretic Follicles During Atresia
Hyaluronan distribution was observed in the theca externa of the follicles at all stages and from the proximal part of the theca interna up to the basement membrane in stages I and II follicles (Fig. 5) . Very low levels of HA were observed in granulosa cells of stages I and II follicles. Hyaluronan was detected in stages III and V follicles, and a large amount of HA was particularly distributed in stage III follicles. Furthermore, HAS1 was observed in stage III follicles and in the theca layers at all stages and was strongly detected from the proximal part of the theca interna up to the basement membrane in stages I and II follicles. Low expression levels of HAS1 were also detected in granulosa cells of stages I and II follicles. Hyaluronan, macrophages (SIRPA), and CD44 showed a similar distribution to that of HAS1 in healthy and atretic follicles. HAS1 was uniformly distributed throughout the theca interna and externa layers during all follicular stages. Within the membrane granulosa, HAS1 was more highly expressed in stage III follicles than in stage I or II follicles.
Distributions of HAS1 and Macrophages in Inner Follicular Cells
Next, we examined whether macrophages in atretic follicles at stage III expressed HAS1. Previously, we reported that the HA principal receptor CD44 is expressed on macrophages in stage III atretic follicles [5] . The expression of HAS1 was detected in inner follicular cells at stages I-III (Fig. 6 ). Macrophages emerged in stage III atretic follicles, and HAS1 was detected in these macrophages by immunostaining. Flow cytometry analysis showed that 34.2% of HAS1-positive cells were SIRPA-positive cells (macrophages) at stage III, and HAS1 was expressed in 55.7% of SIRPA-positive macrophages (Fig. 7) .
DISCUSSION
It has been shown that the phagocytic receptor CD44 on macrophages is influenced by HA to cause phagocytic uptake of apoptotic cells [6, 7] . However, it is still unclear whether such a phenomenon occurs during follicular atresia. In the present study, we evaluated the expressions of HAS1, HAS2, and HAS3 and the HA distribution in healthy and atretic follicles during atresia in pig ovaries. An increase in HAS1 expression level and HA concentration in the pFFs during atresia was observed; this suggests that the accumulated HA may have derived from HAS1. Alternatively, the HA present in atretic follicles may be the product of granulosa cells and other HAS1-positive cells, including macrophages.
Based on the deduced amino acid sequence of S. scrofa HAS1, the homologies reached 53.6% between S. scrofa HAS1 and HAS2, 55.5% between HAS1 and HAS3, and 71.1% between HAS2 and HAS3. The first event duplicated an ancestral Has gene to form two genes, consequently generating Has1 and ancestral Has2 lineages [29] . The ancestral Has2 gene subsequently duplicated to produce Has2 and Has3 genes. The S. scrofa HAS1, HAS2, and HAS3 sequences contained six, two, and four putative HA-binding motifs, respectively. The S. scrofa HAS1 gene conserved the amino acid residues crucial for the GlcNac transferase activity of Nacetyl glucosamine and glucuronic acid as efficiently as S. scrofa HAS2 and HAS3 and the HAS family in other species. These results indicate that the S. scrofa HAS1 gene product contains conserved enzymatic consensus sequences that are present in other members of the HAS family.
Although each form of HAS protein can catalyze HA biosynthesis in eukaryotic cells, their enzymatic properties differ. In vitro analysis of the size of the HA product generated by each HAS protein (HAS1, HAS2, and HAS3) indicated that the HA chain length is somehow determined by the expression of a specific HAS protein [28, 29] . Mouse HAS1 and HAS2 proteins polymerized HA chains of similar lengths ( 2 3 10 6 M), whereas mouse HAS3 polymerized a much shorter HA in the range of ,2 to 3 3 10 5 M. The HA chains of different lengths have different effects on cell behavior. Such distinct HA chain lengths may underlie their physiologically distinct functions [28] . However, the functional significance of these varying polymer lengths remains to be elucidated. Furthermore, HAS3 in mice is intrinsically more catalytically active than HAS2, which in turn is intrinsically more active than HAS1 [29] . Mice deficient in HAS1 or HAS3 activity were viable, whereas mice deficient in HAS2 activity cannot be obtained because the mutation is lethal during embryonic development [29] . Therefore, the roles of HAS1 and HAS3 in HA biosynthesis and their in vivo function are still unclear. Previously, we reported that HAS2 and HAS3 were associated with in vitro oocyte maturation in the pig ovary [35, 38] . In addition, HAS2 mRNA was involved in HA synthesis during cumulus expansion, and HAS3 mRNA was transcribed in oocytes during oocyte maturation. Our results suggested that the expression profiles differed among the three S. scrofa HAS genes: HAS1 was expressed strongly in theca cells of healthy and atretic follicles, HAS2 was expressed in cumulus cells during cumulus expansion, and HAS3 was expressed in oocytes. The present study shows for the first time, that HAS1 is expressed constantly in theca cells of healthy and atretic follicles in all species. Based on the observed cell typespecific expression of HAS genes in different compartments of the ovary, HAS1 may be the primary HAS protein that contributes to the accumulation of HA in the theca layer in pig ovaries.
The RT-PCR and Western blot analyses revealed that the expression levels of S. scrofa HAS1 mRNA and HAS1 protein were higher in stage III follicles, whereas the levels of HAS2 and HAS3 mRNAs were low and very low to undetectable, respectively. Immunohistochemical analysis showed that HAS1 was detected in theca cells at all stages and in inner follicular cells, including macrophages at stage III. In contrast, the expression level of HAS1 in granulosa cells was low in stages I and II follicles. In the cow, although the basement membrane survives the early event of atresia, macrophages, endothelial cells, and fibroblasts can breach the basement membrane when it is not lined by granulosa cells [45, 46] . As follicles shrink upon atresia, the basement membrane folds. Flow cytometry analysis showed that HAS1-positive cells, including macrophages, existed in inner follicular cells at stage III. Our results suggest that activities of granulosa cells and HAS1-positive cells, including macrophages, result in an increase in HAS1 expression level in inner follicular cells at stage III. HAS1 may be a dominant HAS protein involved in the production of the HA chain in atretic follicles during HAS1 AND HYALURONAN DURING ATRESIA atresia. In addition, low levels of HAS2 mRNA may contribute to the increase in the levels of HA in atretic follicles.
It has recently been reported that the expression of hyaluroglucosaminidase (Hyal; Hyal1, Hyal2, and Hyal3) was correlated to increased granulosa cell apoptosis and follicular atresia in mouse ovaries [47] . In mouse granulosa cells, all three enzymes were capable of inducing cell apoptosis; however, the enzymatic activity of hyaluroglucosaminidase may not be relevant to the induction of apoptosis. Indeed, enzymatically inactive mutant HYAL1 induced the same level of apoptosis as the wild-type enzyme in cultured granulosa cells [47] . In the present study, the HA concentration in the pFFs was increased significantly at stage III. We previously reported that pyknosis of porcine granulosa cells occurred between stages I and II [5] , indicating that the HA concentration in atretic follicles increased after the initiation of granulosa cell apoptosis. The expression of hyaluroglucosaminidase and its relationship to HA synthesis and granulosa cell apoptosis in the pig ovary have not been elucidated. However, our results indicate that the increase in follicular HA content and the granulosa cell apoptosis do not occur in parallel.
Previously, we reported that CD44 is expressed on macrophages in stage III atretic follicles [5] . Although numerous TUNEL-positive apoptotic granulosa cells were detected in follicles at stages II-IV, the number of apoptotic cells was found to be decreased at stage V (Supplemental Fig.  3 ). This phenomenon is attributed to macrophage phagocytosis of apoptotic granulosa cells after macrophage emergence at stage III [5] . CD44 has an essential role in the clearance of apoptotic neutrophils in bleomycin-induced lung inflammation, in which increased HA accumulation is also observed [9] . Hyaluronan stimulates CD44-mediated phagocytosis in murine macrophages in the presence of CR3 (ITGAM) [6, 7] . Unfortunately, isolation and cultivation of ovarian macrophages are not well established [48] . Therefore, the investigation of CD44 on macrophages is limited and unclear, although the acquisition and regulation of macrophage functions have been studied widely. An increased HA concentration in the pFFs could be associated with CD44 on macrophages during porcine follicular atresia, particularly macrophage phagocytic uptake of apoptotic granulosa cells.
In conclusion, the present study offers several new observations, including the expressions of HAS mRNAs and HA distribution during porcine follicular atresia. These results may be beneficial in elucidating the status and role of HAS proteins and HA via CD44 on macrophages in the phagocytosis of apoptotic granulosa cells during ovarian atresia.
